The expansion of shrimp aquaculture in Sri Lanka over the past three decades has 32 dramatically changed the coastal landscape, in particular by converting mangrove forests. 33
Introduction 59 60
Although shrimp production in coastal pond systems is a traditional practice in Asia 61 (Dierberg and Kiattsimkul, 1996; Bergquist, 2007) , recent decades have seen a huge increase 62 in the extent and intensity of shrimp aquaculture activities, driven by consumer demand from 63 antibiotic-resistant strains whilst chemical discharges damage off-target populations and 91 pollute aquifers (Primavera, 2006; Bosma and Verdegem 2011) . Other environmental 92 impacts may include declines in wild capture of fish and shrimp (Cattermoul and Devendra, 93 2002) and the spread of diseases such as the White Spot Syndrome Virus (WSSV), which is 94 considered the most serious pathogen of shrimp, causing 100% mortality within 7-10 days in 95 infected shrimp farms (Witteveldt et al., 2004; Primavera, 2006) . In the NWP of Sri Lanka, 96 which includes Puttalam lagoon, the Dutch Canal is the main source of water for shrimp 97
farms. This semi-enclosed coastal water system has a low flushing rate, which exacerbates 98 these problems, with hydrological changes, salinization of soil and water and siltation now 99 also recorded in the area (EJF, 2004; Weerakoon, 2007) . 100
Because of disease and other problems, the productivity of intensive shrimp ponds often 101 declines after 4-10 years. Ponds may then be abandoned and new areas cleared during the 102 establishment of new ponds (Bosma and Verdegem, 2011 ). There are socio-economic as well 103 as environmental costs of intensive shrimp cultivation. The poorest people on the coast are 104 usually highly dependent on coastal ecosystems such as mangroves (Dayananda, 2004) . In 105
Thailand, it has been estimated that intact mangrove forests have a total economic value 70% 106 higher than shrimp farms, largely because of the range of ecosystem services that are 107 destroyed by conversion of mangroves to ponds (Primavera, 2006) . The expansion of 108 aquaculture despite these economic losses is testament to differences in power between those 109 who benefit and lose rather than any economic logic. A pattern of rapid expansion followed 110 by abandonment and local collapse of the industry, with resultant coastal unemployment, is a 111 sadly familiar story (Primavera, 2006) . 112
Extensive mangrove destruction leads to loss of goods and services for local populations 113 including loss of coastal protection, decreased availability of timber and firewood and loss of 114 breeding and nursery grounds for fish (Alongi, 2002; Satyanarayana et al., 2013) . Mangroves 115 provide important habitat for a wide range of species hence their removal also reduces local 116 biodiversity (Pathirana et al., 2008) . One of the most important regulating ecosystem services 117 of mangroves is their ability to sequester carbon. In fact, they are amongst the most carbon 118 dense of all ecosystems and are thus globally important carbon sinks (Alongi, 2012) . If 119 disturbed by land-use change, the carbon buried in mangroves has the potential to become a 120 significant source of greenhouse gas (Donato et al., 2011 This study was conducted in the Puttalam lagoon situated in the NWP of Sri Lanka (Fig. 1) . 155
The lagoon has a surface area of 32 700ha and the surface temperature of the water ranges 156 from 28 °C to 32 °C (Pathirana et al., 2008) . The area is subject to a micro-tidal regime that 157 proportion of the total extent of mangroves in Sri Lanka is found in the Puttalam lagoon area, 173 especially in sheltered estuaries (Pernetta, 1993) . These forests exhibit high floral diversity 174 and thus belong to the most valued mangrove forests in Sri Lanka (Amarasinghe, 1988 
Images processing 221 222
The aerial photographs were geo-referenced using ArcGIS 9.3 (The Environmental Systems 223
Research Institute, USA) (UTM map projection: WGS_1984datum, UTM_Zone_44N), 224 resulting in an average root mean square error of 8.95m. They were then compiled together 225 with the mosaic tool in ArcGIS. 226
227
Then the photographs and the SPOT 5 image were classified using an Object-Based Image 228 Analysis (OBIA) within eCognition 8.7 (Definiens-Imaging, Germany). All scenes were 229 featured in a UTM map projection (WGS_1984 datum, UTM_Zone_44N). The OBIA creates 230 "objects" by segmenting an image into groups of pixels showing similar characteristics based 231 on spectral properties such as spectral band or index (e.g. NDVI) means, and on spatial 232
properties such as image texture. 233
234
The segmented object properties were then used for image classification (Robin et al., 2010 ; 235 Heumann, 2011). Two multi-resolution segmentations were applied within eCognition 236 software to the SPOT 5 image with the same weight for each of the three bands. The first 237 segmentation (scale parameter=30, shape=0.05, compactness=0.5) was used to extract 238 aquaculture ponds (shrimp farms and salt pans). As pond areas are clearly demarcated by 239 dykes, they exhibit a good structure for segmentation. A second segmentation was performed 240 in order to detect mangrove forest patches (scale parameter=10, shape=0.05, 241 compactness=0.5). A multi-resolution segmentation was also applied to the aerial 242 photographs (scale parameter=50, shape=0.5, compactness=0.5). 243 244
Image classifications 245 246
A visual classification of different land uses in Puttalam lagoon (four classes: shrimp farm, 247 salt pan, mangrove, coconut plantation) was performed at the object level resulting from 248 multi-resolution segmentation of the aerial photographs. The classification was based on 249 visual analysis of the aerial photographs using features such as tonality or texture. Some areas 250 of the lagoon could not be classified for 1992-1994 as photographs were not available, 251 resulting in 4% of the study area not covered by these data. 252 The classification of the SPOT 5 image was carried out following the multi-resolution 254 segmentation using the same land use classes mentioned above. The classes were derived 255 within eCognition software using a decision tree (Fig. 2) . When confusion between objects 256 occurred, they were manually edited using visual interpretation and existing maps of the area 257 when available. 
Validation 283 284
A total of 360 reference points were used within Google Earth images (Google Earth, 2011) 285 to assess the accuracy of the land-use/cover classification produced for the 2012 data set. A 286 confusion matrix with descriptive statistics ( and SPOT5 image could not be assessed due to the lack of reference data at that time. 292
However, as the aerial photography classification was based on visual assessment and only 293 four classes were used, the chance of misclassification was minimised. 294 295 For this study, three abandoned shrimp ponds (Nachchikalliya: abandoned for 5 years, 302
Palavi: abandoned for 7 years and Seguwanthiv: abandoned for 13 years, Fig. 1 ), resulting 303 from the conversion of mangroves, as well as intact mangroves adjacent to them, were 304 sampled in January 2014. Samples (n=9) were collected from mangrove sites using a deep 305 soil corer. Subsamples were taken for the determination of sediment bulk density and carbon 306 concentration at the following depths (cm): 0-5, 5-10, 10-20, 20-50, 50-100, 100-150, 150-307 carbon:biomass ratios of 45% (IPCC, 2014) and soil carbon storage was calculated as 310 described by Donato et al. (2012) . 311
Using the pond surface area, depth and the soil bulk density at each depth interval, the 312 amount of soil removed (in kg) due to conversion into ponds was estimated. The carbon soil 313 storage patterns prior to pond excavation were assumed to be similar to the adjacent 314 mangrove forests. Thus, the amount of carbon lost with the removed soil for each depth 315 interval of the ponds was obtained as the product of soil carbon content in mangroves and the 316 total soil weight removed at the same depth in ponds. 317
Coconut soil carbon content was measured using the same method. Samples (n=7) were taken 318 each time at two depths (cm): 0-15 and 15-50. A LOI: CN ratio of 31% was determined by 319 analysing sediments for C:N ratio To estimate carbon (C) vegetation stock balance related to land cover/use changes detected in 325 the study area between 1992/1994 and 2012, C vegetation stocks (t.ha -1 ) were taken either 326 from the literature or from new field measurements (Table 2) 
pond. 367
The dimensions of functioning/non-functioning ponds were measured using Google Earth 368 tools, allowing calculations of their areas. The first three of the abovementioned factors were 369 compulsory in categorising a pond as functioning. In order to ground truth the results, field 370 visits and interviews (n=20) with local people were carried out. which is the second largest proportion of land use changes due to aquaculture observed 464 around the lagoon (Fig. 5) . The largest proportion of change is the conversion of 'Other' to 465 aquaculture, which includes mainly coastal vegetation (Fig. 5) . A decrease of the conversion 466 from mangroves to shrimp farms can be observed between 2007-2012 (Fig. 5) . During the 467 first time period of the study, 34% of mangroves were converted to shrimp ponds, and 23% 468 to other land use, which includes agricultural uses and housing areas (Table 5) 536   537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580 581 582 584   585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629 (Table 3) . Hence it appears that the rate of 667 mangrove destruction around the lagoon has decreased in recent decades, with a slight 668 increase in mangrove coverage in the final five years of our study. Mangrove loss observed 669 during the 1980s and 1990s was mostly caused by the initiation of shrimp farming in the 670 NWP, but could also be partly attributed to increased pressure from local populations; about 671 55% of house-holds used mangrove as firewood in the mid-1980s, and this consumption 672 (Table 5) . When considering only land use changes over the studied period, 34% of 678 mangroves were converted to shrimp farms between 1990s-2007, which is by far the largest 679 category of land-use change concerning mangroves (Table 5 ). This trend has changed more 680 recently, with 9% of mangroves that were converted to shrimp ponds between 2007 and 681 2012, leaving their conversion to other land uses becoming the major conversion occurring 682 around the lagoon (32%, Table 5 ). The land uses included in this miscellaneous category 683
Impacts of shrimp farming on carbon dynamics between 1992/1994-2012
were not classified using GIS. Our knowledge of the field site suggests that they include 684 conversion to other agricultural land uses (including paddy fields), loss to buildings, to scrub 685 or other coastal vegetation and to water. with 24% of land-use conversion to aquaculture attributed to the change from mangrove to 691 shrimp ponds (Fig. 5) . This result shows that the impact of shrimp farms on mangroves in 692
Puttalam follows the dramatic trend of other countries where land cover changes related to 693 shrimp culture have recently been studied. For instance, 23.9% of mangrove cover has been 694 converted to shrimp farms between 1999 and 2008 in Ha Long, Vietnam (Bui et al., 2014) . 695
Only two salt ponds were present in the Puttalam area at the beginning of the 1990s (Fig. 3) . 697
The salt industry also contributed, albeit to a lesser extent, to the loss of mangroves; in 698 1992/1994 only 13% of the lagoon was used for this purpose compared to 15% in 2012 699 (Table 3) 
